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Abstract 
This paper presents an experimental and theoretical study of the dynamic response of residential buildings with different levels of 
thermal mass and their respective space heating peak demands for different room temperature set point profiles. Experiments were 
conducted at two identical and highly instrumented houses. One of them is modified with different floor coverings, while the other 
one is kept unchanged and used for reference. Their dynamic response to a night time setback set point profile with step changes 
is monitored and analyzed. Equivalent RC network thermal models are developed for a north zone of the houses. These models are 
then used to study the impact of set point ramping lengths and “near-optimal” transition curves between two temperatures on the 
peak demand reductions, while maintaining thermal comfort. It was found that, while taking into consideration the thermal response 
of the building due to the level of mass, an appropriate yet simple set point strategy to reduce peak electricity demand can be 
established. For a room with wood flooring, by replacing the conventional night time setback temperature profile with a one hour 
or two hour ramp, peak demand reductions of up to 10% and 25% can be achieved, respectively. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
In areas where electricity is used for space heating, utilities can experience winter peak demand.  This is the case
in Québec [1], where one-third of total energy generation is used by households and 85% of the households reported 
electricity as their main heating fuel [1].  Two-thirds of houses reported using electric baseboards as the main heating 
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equipment and 9% electric radiant heating.  During winter peak periods, space heating represents up to 80% of the 
demand of such households [2].  If dynamically programmable thermostats were implemented, sophisticated set point 
strategies could become available, which could be used to reduce demand during peak periods or to smooth the demand 
profile [3]. 
Demand response (DR) is used as a mean of meeting electricity supply and grid operation challenges. While there 
are many instances in literature investigating cooling and lighting DR strategies, comparatively less work has been 
done on winter peak reduction in cold climates.  Oregon's Portland General Electric Co.’s project on load control for 
electric space heating which showed that residential customers could reduce their peak load by reducing their set point 
by 2-3°C for 2 to 3 hours [4]. The Olympic Peninsula project included the control of resistive heating equipment 
controlled by one or two thermostats. The results showed that a significant part of the load reduction due to price 
increase came from a decrease or shift in heating load [5].  Leduc et al. [6] studied three types of strategies for heating 
load reduction during critical periods on the grid and results showed reductions of up to 7kW (or 90% of the reference 
heating load of the average residents), but with some strategies resulting in poor occupant comfort. Reynders et al. [7] 
showed that by using the structural storage capacity, strong potential to shift the peak electricity use could be achieved. 
It was also shown that the interaction between the heating system and the thermal mass is important.  Lavigne et al. 
[8] studied winter DR for a commercial building and showed the use of DR strategies can lead to a significant reduction
in the building's total power demand while maintaining occupant comfort.  Fournier and Leduc [3]  studied the impact
of multiple set point modulation strategies on the demand of a baseboard-heated house during winter peak periods.
They determined that significant load reduction can be achieved without any added storage equipment or building
construction modifications.  Candanedo [9] studied the implementation of “near-optimal” exponential trajectory
between temperature set points and found a peak reduction of 8% when compared to a linear ramp profile.
This paper presents experiments conducted at Hydro-Québec’s research facility where the dynamic response of a 
room with different floor coverings to a temperature step change was studied.  Using models of the room, simple peak 
demand strategies are suggested and analyzed.  This work expands on the above mentioned literature by investigating 
the combination of different set point ramping lengths with different levels of thermal mass in a zone.   
2. Test buildings and experimental setup
The homes used for the experiments are the Experimental Houses for Building Energetics (EHBE) [3], [10].  The
test bench consists of two identical 2-storey detached homes with excavated basements, each with a 60m2 footprint, 
excluding the attached single garage.  The low mass homes are of normal wood-framed construction for Québec, are 
located in Shawinigan, Québec, Canada and are oriented 35 degrees west of south.  The homes are heated with 
baseboard space heating in each room with individual room thermostats.  The homes are instrumented with 
approximately 500 sensors each, with recordings every 15 minutes.  The sensors measure environmental conditions, 
room by room electric baseboard heating (in Wh), plug and lighting loads, air temperature, relative humidity, air 
velocity, surface temperatures and temperature and water content of surrounding soils.  The thermocouples installed 
in the homes are special limit T-type. 
Experiments were conducted at EHBE with the objective of studying the dynamic response of a room in the homes 
to a temperature step change with different floor coverings.  As a night time temperature setback is common practice 
for reducing overall energy consumption [11], a night time set point of 21°C at 7pm and a day time step up to 26°C at 
7am were implemented in the experiments.  Existing floors in the bedrooms are either left as bare wood, covered with 
carpet or tiles.  South windows were covered with interior foil while all windows were covered by interior blinds.  The 
garage and basement were kept at 21°C.  The experiments were scheduled during fall, therefore the indoor 
temperatures were set higher than normal as a way to increase the temperature difference between indoor and outdoor 
environments.  No plug or occupant loads were implemented during the experiments.   
3. Model description and validation
Resistance-capacitance (RC) circuit thermal models [12] for two resolution levels were developed for a zone and
compared to the physical measurements to study the level of detail required to accurately model the various control 
strategies and their impact on peak demand. Fig. 1 displays the low-order (third order) model, while Fig. 2 depicts the 
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detailed model for a single zone (both with combined constant interior heat transfer coefficients).  The model detail is 
different in modelling of heat conduction, but for radiation and convection the models are the same. The zone is low 
mass with 0.013m thick gypsum board (Biot number = 0.55) acting as the main thermal capacitance within the zone 
and the simulation time step of 15 seconds. Chen et al.  [13] studied a thick ventilated concrete slab and found that a 
2-layer scheme (such as the one in Fig. 1) with a Biot number of approximately 0.5 does not introduce significant
errors.
Fig. 1. Low order 3 capacitance RC circuit 
Fig. 2. Detailed 13 capacitance RC circuit 
The statistical indices of CV-RSME and NMBE were used for the model validation process.  ASHRAE Guideline 
14 [14] suggests that a CV-RMSE below 30% and NMBE below 10% on an hourly basis ensures a calibrated model. 
Table 1 shows that the six RC models created (2 resolution levels and 3 floor coverings) meet calibration requirements. 
A manually iterative calibration process was used.  It is seen that a more detailed model does not always produce a 
more accurate calibration.  As a model becomes more detailed, the number of parameters that can be adjusted 
increases, which can result in a complex calibration problem [15]. 
  Table 1. Calibration of power use 
Model Order Wood Floor Tile Floor Carpet Floor 
CV-RSME NMBE CV-RSME NMBE CV-RSME NMBE 
3rd 13.06% -1.11% 10.87% -6.72% 16.61% -1.06 
13th 13.09% 0.95% 11.20% -3.83% 16.40% 1.13% 
4. Temperature set point profile strategies
In winter, the electricity grid peak demand in Québec occurs on weekdays between 6am and 9am and between 4pm
and 8pm.  For this study, the morning peak was investigated.  Strategies that could be effective for peak heating have 
been narrowed to the effect of different ramp lengths (Fig. 3) and “near optimal” trajectories introduced in [9] (Fig. 
4).  The reference profile is the step change from 18°C to 21°C.  “Near optimal” transition curves were determined 
for transition times of 1, 2, and 3 hours (Fig. 4).  They will be relatively compared to the simpler ramp profiles. 
Fig. 3. Ramping temperature setpoint profiles Fig. 4. "Near-optimal" transition temperature setpoint profiles 
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5. Thermal Mass Alterations
Using the model, alterations to the walls and ceilings were done in order to increase the level of thermal mass in
the zone with wood floors.  The effects of ramping on the different zones were analyzed and a relative comparison 
was conducted.  The materials are shown in       Table 2. Hypothetical materials that are based on increasing the 
thickness of the gypsum board (by a factor of two) and increasing its conductivity between 1-4 times are considered.  
 Table 2. Material property alterations of walls and ceiling 
Gypsum 
Board 
Density, ȡ
(kg/m3) 
Specific heat, Cp 
(J/kg·K) 
Conductivity, k 
(W/m·K) 
Thickness, L 
(mm) 
Capacitance 
(J/K) 
Resistance 
(m2·K/W) 
Biot Number 
(Simple/Detailed) 
1·L, 1·k 640 1,150 0.16 13 4.62x105 0.08 0.6 / 0.4 
2·L, 1·k 640 1,150 0.16 26 9.25x105 0.16 1 / 0.7 
1·L, 2·k 640 1,150 0.32 13 4.62x105 0.04 0.3 / 0.2 
2·L, 2·k 640 1,150 0.32 26 9.25x105 0.08 0.6 / 0.4 
1·L, 4·k 640 1,150 0.64 13 4.62x105 0.02 0.1 / 0.1 
2·L, 4·k 640 1,150 0.64 26 9.25x105 0.04 0.3 / 0.2 
6. Results & Analysis
6.1. Experimental results 
 Fig. 5 and Fig. 6 display the results of the experiments carried out between October 23rd and Nov 4th, 2013.  Wood 
flooring was taken as the reference scenario in one house and tile and carpet were tested one after the other (on different 
days) in the second house.  Room air temperature and heating energy are shown for a north zone in Fig. 5 and Fig. 6. 
It can be observed that the carpet and wood floored rooms behave similarly, while in the room with tile, due to slightly 
higher thermal mass, the air temperature has a longer decay at the night time set back.  Finite difference RC thermal 
models of the room were then developed in order to further study peak reduction strategies. 
Fig. 5. Tests 1 & 2 results (bedroom 1) 
Fig. 6. Tests 3 & 4 results (bedroom 1) 
6.2. Simulation results 
Fig. 7 shows that replacing a step change with a simple 1, 2, or 3 hour ramp, significant peak reduction can be 
achieved. As seen in Fig. 8, as the amount of thermal mass increases (carpet to wood to tile), there is less effect the 
ramp has on peak reductions.  This type of finding helps in the design of demand response control strategies depending 
on the type of building and level of thermal mass.  The low order model, when compared to the detailed model, 
underestimates the impact of the ramping profiles on peak reduction.  For a two hour ramp, the less detailed model 
predicts a reduction of 25%, while the more detailed model predicts 28%, and for the three hour ramp, 33% versus 
37%, respectively.  Further experiments should be done to investigate these differences.  “Near optimal” transition 
curves were studied and compared to the ramp for the same transition time. The time constant of the room was 
approximately 26 hours, using the method in [9].  Results for the wood floored room are shown in Fig. 9.  The “near 
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optimal” transition does have some advantage to the simple ramp, but has the same impact of roughly 33% reduction 
for a three hour transition time (Fig. 10).  Lastly, the material properties of the walls and ceiling (originally gypsum 
board) were altered to see the effect of thermal mass on set point ramping strategies.  Fig. 11 shows the effects of 
ramp length and thermal mass on peak reduction.   
Fig. 7. Impact of ramping in wood floored room 
(low order model) Fig. 8. Impact of ramp length and flooring on peak reduction  
(detailed model) 
Fig. 9. Impact of “near-optimal” curves in wood floored room 
(low order model) 
Fig. 10. Impact of strategy on peak reduction in wood floored room 
(low order model)  
Fig. 11. Impact of ramp length and mass alteration on peak reduction in wood floored room 
(low order model) 
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7. Conclusion
The study aimed at evaluating the impact of set point ramping lengths and “near-optimal” transition curves between
two temperatures when applied to a zone in a low mass residential building heated by baseboards.  Experiments 
incorporating different floor coverings in a house and comparing the response of the building were conducted.  From 
these experiments, an RC equivalent circuit thermal model was developed to represent a zone in the building and its 
thermal response to a set of inputs.  With this representative model, alternative heating control strategies to reduce 
electrical peak demand at critical times, while maintaining adequate comfort, were investigated.   
  Thermal mass alterations were implemented into the model and ramping strategies were investigated.  Results 
show significant load reduction when the simple ramps are implemented, but not much improvement with the near-
optimal curves when compared to the ramps. As the level of mass in the zone increases, there is less effect the ramp 
profile has on the peak reduction.  Near-optimal curves may see better results in higher mass buildings.   
Future work includes further studies of the importance of modelling detail on the capture of the dynamic response 
as well as experimental validation of the simulation results . 
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